Introduction
Since the discovery of quasicrystals (QCs) in 1984 [1] , structural determination has been one of the most important issues in both their experimental and theoretical study. Quasicrystals display long-range atomic order, while lacking the periodicity of crystals. Many theoretical investigations of QC structures approximate the quasiperiodic structure by a sequence of periodic structures with growing unit cells [2] [3] [4] . For a number of QCs, there exist crystalline phases that resemble the quasicrystal, so-called approximant phases [2] . Approximants are classical crystals with a periodic structure, built up by the same clusters as in QCs, with diffraction patterns closely related to those of QCs. A whole hierarchy of approximant phases with growing unit cells should be expected.
Quasicrystals and their approximant phases have very similar chemical compositions, densities and electron diffraction patterns, and reversible transformations between the two occur [5] [6] [7] . This indicates that they have similar local structures. In the embedding picture, where the quasiperiodic tiling is embedded in a higherdimensional periodic lattice, approximants can be systematically constructed [8] . In practice, only the very first members of this hierarchy have been observed experimentally and, apart from a possibly tiny existence region, it might be hard to distinguish larger approximants from 'true' quasicrystals. Thus, one approach to build the structures of quasicrystals is to understand the differences and relationships between quasicrystals and their approximant phases. So, crystalline approximants hold the key to determining the structures of quasicrystals.
In Al-Co-Ni and several other alloy systems, the periodic phases, approximants, are observed under certain conditions at the same compositions as corresponding QCs [9] [10] [11] . The term pseudodecagonal (PD) structure is used for decagonal QC approximants [12] . They are named PD1, PD2 etc. and exhibit diffraction patterns with almost perfect 10-fold symmetry and quasiperiodic reflection arrangements of the strongest reflections [12] [13] [14] .
As is well known, decagonal quasicrystals can be described by a quasiperiodic arrangement of clusters [15] [16] [17] [18] . For example, all decagonal quasicrystals and highorder approximants in the Al-Ni-Co system comprise distinct 2-nm clusters [19] [20] [21] [22] [23] . The atomic arrangement within the clusters is imposing restrictions on the arrangement of the clusters themselves, as, for example, on overlapping of clusters [24] [25] [26] [27] [28] . A detailed determination of the atomic arrangements within the 2-nm clusters is important for understanding the structure of quasicrystal. Thus, we have undertaken this investigation.
Experimental methods
PD4 was obtained from an alloy of nominal composition Al 72.5 Co 18 Ni 9.5 annealed at 900 C for 2150 h [12] . Single crystal X-ray diffraction (XRD) data was collected from a PD4 crystal on an Oxford Xcalibur TM 3 diffractometer with monochromatized Mo Ka radiation.
The samples were also studied by electron diffraction and high-resolution electron microscopy (HREM) on a JEOL 3010 electron microscope operated at an accelerating voltage of 300 kV. Crystallographic image processing was performed using CRISP [29] . The local chemical composition was determined by energy dispersive spectroscopy (EDS) on a JEOL 2000FX electron microscope. HREM images and selected area electron diffraction (SAED) patterns were collected on powdered PD4 spread on Cu grids covered by holey carbon films. 
a doubling of the periodicity along the c-axis (c ¼ 8.2 Å ). The diffuse streaking along the a* direction (see reconstructed h0l reciprocal lattice layer in figure 1 ) indicates a lamellar disorder along the a-axis, which is observed frequently in the Al-Co-Ni system [30] . The selected area electron diffraction (SAED) patterns (figure 2) have some similarities to the X-ray diffraction patterns (figure 1). The same diffuse lines also clearly show up in the h0l SAED patterns (figure 2). Since these diffuse layers only contribute less then 10% of the total scattered intensity, it was decided to first solve the main average structure, using c ¼ 4.1 Å . The intensities from single crystal XRD data were integrated and merged with the CrysAlis program. Lorentz and polarization corrections were applied and absorption effects were corrected. hkl indices and intensities of reflections were extracted and the unit cell parameters calculated.
Solving the structure and deducing an atomic model
According to systematic absences (hkl: h þ l ¼ 2n; hk0: h ¼ 2n; h0l: h þ l ¼ 2n; 0kl: k ¼ 2n, l ¼ 2n; h00: h ¼ 2n; 0k0: k ¼ 2n; 00l: l ¼ 2n), the space group for PD4 was found to be Bbmm (no. 63). The average chemical composition of PD4 determined by EDS was virtually identical to the nominal composition. A total of 35 599 reflections, of which 5941 were unique, were collected. The PD4 initial structure model was deduced by direct methods in SIR2002 [31] , using the 10 000 strongest reflections (1818 unique). The program found 102 unique atoms. Successive difference Fourier syntheses using SHELXL97 [32] yielded 133 unique atomic positions in the unit cell with a reasonable geometry. Transition metal (Co/Ni) and aluminum positions were assigned according to the peak heights in the electron density map. The R-factor calculated by SHELXL97 for this model was 0.279. Further determination of Co and Ni distribution in the unit cell is difficult due to the similarity of their X-ray scattering factors of these transition metals.
The strong reflections approach [33, 34] was also used to deduce a structure model, quite similar to that obtained by direct methods. The structure model of PD4 is shown in figure 3 . The structure refinement is in progress.
HREM
HREM was applied in order to confirm the obtained model and to identify the clusters in our model. Figure 4 shows an experimental HREM image of PD4 taken along the c-axis after crystallographic image processing was applied. The (hk) projection symmetry was determined from HREM images using CRISP [29] . The plane group for PD4 was found to be pmg with the mirror plane m perpendicular to the b-axis. Most of the projected unit cell is covered by circular clusters, 2 nm in diameter (indicated in figure 4 ). The structure model obtained by X-rays agrees well with the HREM images as seen in figure 5 . Dark spots belonging to Co and Ni atoms appear around the perimeters of each of the 2-nm cluster columns and in two more circular arrangements, with diameters of 13.3 and 6.5 Å , respectively. Five aluminum atoms were reassigned to be transition metal atoms and three transition metal atoms were reassigned to be aluminum. The 2-nm cluster columns have approximate five-fold rotational symmetry.
Conclusion
A structure model of PD4 has been obtained from single crystal X-ray diffraction and electron microscopy. The atomic arrangement corresponding to the 2-nm cluster column with 5-fold rotational symmetry for PD4 was found. 
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